INTRODUCTION
San José Calderas, with a total population of ~10,000 people who live less than 5 km from the active cone. The volcano and surroundings were declared a national park in 1963 ("Parque Nacional del Volcán de Pacaya", http://volcandepacaya.com, 2010) . The volcano's activity has been a source of income for the local population through the development of tourism, attracting visitors from around the world. For instance, the Amatitlán geothermal fi eld was developed nearby and was planned for an initial 20 MW capacity, with the possibility to expand it up to 50 MW in the future. The proximity of populated centers and energy infrastructure to an erupting volcano raises concerns over the risks associated with volcanic activity. This is illustrated by the recurrent evacuations of the population from towns near the volcano during recent eruptions (Witham, 2005; Venzke et al., 2009) . This paper presents the methodology and results of a detailed mapping of lava fl ow units, pyroclastic deposits, and active vents associated with the activity of Pacaya between 1961 and 2010. The results include length, area, and volume of the lava fl ows, along with their average emission rate, which was calculated based on their observed duration. In addition, new geochemical data of Pacaya's eruptive products (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) have been combined with previous analysis in order to present a complete data set for the period of study.
GEOLOGIC SETTING AND PAST ACTIVITY
The Pacaya volcanic complex is part of the Central America volcanic arc, which is associated with the subduction of the Cocos plate under the Caribbean plate (Mann et al., 2007; Fig. 1) . Located on the southern rim of the Amatitlán Caldera, this complex includes the Pacaya composite cone, Cerro Grande and Cerro Chiquito, and the Cerro Chino scoria cone (Eggers, 1971) . These eruptive centers have been active during the Quaternary and have produced olivine-bearing basaltic lavas; pyroxene andesites, dacites and rhyodacites; and associated pyroclastic products (Eggers, 1971; Bardintzeff and Deniel, 1992) . Based on the paleomagnetic analysis of lavas, Conway et al. (1992) showed that the volcanism at Pacaya has been strongly episodic, with eruptive intervals lasting 100 to more than 300 yr, and quiescent periods lasting typically between 300 and 500 yr. Eggers (1971) characterized the eruptive history of the Pacaya volcanic complex in three phases. Phase I was a period of andesitic volcanism marked by the growth of small stratovolcanoes. Phase II produced several voluminous rhyodacite and andesite dome-forming eruptions. Phase III was characterized by basaltic lava fl ows and the growth of a stratocone, the "Old Pacaya." During this phase the southwest slope up to the summit collapsed leaving an arcuate scarp. Kitamura and Matías (1995) inferred that the last eruptive episode of Phase III started between 700 and 3000 yr B.P., after a repose time of 1000-2000 yr. Vallance et al. (1995) asserted an age of between 400 and 2000 yr B.P. for the collapse of "Old Pacaya," based on the thickness of the soil developed on the debris avalanche deposit, and the lack of any account of such an event in the historical written record which started in the sixteenth century. The calibrated 14 C dates of two fall units by Kitamura and Matías (1995) at ~1500 yr B.P. and ~600 yr B.P. suggest that the collapse was confi ned to that age range (equivalent to ~500-1400 C.E.). During the historic period, extensive basaltic lava fl ows and tephra layers were deposited. This activity included the creation of the Cerro Chino scoria cone on the northwest rim of the scarp, and the modern cone of Pacaya (Eggers, 1971) .
The structure of the composite cone of the modern Pacaya volcano, built inside the collapse amphitheater of "Old Pacaya," is a sequence of lava fl ows, scoria and tephra layers, and pyroclastic fl ow deposits. The current Pacaya summit is formed by two overlapping cones, the fi rst cone built after the collapse of "Old Pacaya" in the nineteenth century (Eggers, 1971; Venzke et al., 2009 ). The activity restarted in 1961 with a long lava fl ow eruption on the lower parts of the south fl ank of the fi rst cone. The second cone, known as the Mackenney cone, started to grow in 1965 on the west fl ank of this cone. From 1961 to 2009, activity was restricted to the interior of the collapse amphitheater, but that changed in 2010 (see map unit Hb10). Beginning in 2006, accumulation of lava next to the scarp wall on the north side of the active cone overcame this topographic barrier. An eruption on 27 May 2010 produced extensive tephra fall north of the volcano, blanketing Guatemala City with several millimeters of tephra. Ballistic bombs ejected by the eruption also impacted the communities to the north and up to ~3.5 km from the vent. This activity was followed by the emplacement of an extensive lava fl ow fi eld over the following two weeks, and this fl ow (Hb10) was vented outside of the collapse amphitheater.
FLOW UNITS ERUPTED, 1961-2010

Information Sources
Several sources of information were utilized to identify and delineate the extension of lava fl ows and pyroclastic deposits: aerial photographs, Landsat satellite images; high resolution ortho photo graphs; unpublished descriptions of the volcanic activity by Alfredo Mackenney; unpublished fi eld reports and volcanic activity bulletins from the Guatemalan National Institute of Seismology, Volcanology, Meteorology and Hydrology (INSIVUMEH ); and activity reports from the Global Volcanism Program of the Smithsonian National Museum of Natural History (GVP-SNMNH, Venzke et al., 2009) . Additionally, fi eld surveys were undertaken in January-February 2009, July 2010, and January 2011, in order to scrutinize the distribution of some deposits, and to complete the map with the recent lava fl ow units emplaced between 2005 and 2010. Eruptive vents were also identifi ed and included in the map. The fi nal map required the integration of all these data into a Geographic Information System (GIS) in ArcMap (ArcGIS, ESRI ® ).
1. Aerial and satellite images: Aerial photographs were scanned at a 600 dpi resolution, on a 256 shades of gray scale. Orthorectifi ed and georeferenced photographs from [2005] [2006] were taken as a cartographic base; common points were identifi ed on both the scanned aerial photographs and the orthophotos in the cartographic base, and used for georeferencing (Tables 1  and 2 ). For accurate georeferencing, several different adjustment methods were used in order to fi nd the one that was best suited to each case (e.g., polynomial fi tting from fi rst to third order, spline fi tting, etc.). This was achieved using the georeferencing fi tting toolbox in ArcMap ® . High resolution (0.5 and 2 m pixel size) orthophotographs acquired in 2000 and in 2005-2006 were used to digitize polygons corresponding to several units. More than 700 Landsat satellite images (Landsat 1-3 MSS, Landsat 4-5 MSS, Landsat 4-5 TM, Landsat 7SLC_On, Landsat SLC_Off, Landsat 5-7 Combined-Sensor Type, and Landsat 7) were inspected, but only 16 were selected between 1986 and 2001 as useful sources of information to recognize, identify, and date the mapped units (Table 3) .
2. Field data: Field notes and daily reports from the Pacaya Volcanological Observatory (OVPAC), and daily volcanological bulletins from the Volcanology Unit of INSIVUMEH, collected since 1987, were used to recognize, identify, delineate, and date 93 polygons of lava fl ow and pyroclastic fl ow units. The information published by GVP-SNMNH (Venzke et al., 2009 ) was used to confi rm dates of eruptions and to delineate 10 lava fl ow units.
3. In addition, fi eld surveys carried out in January and February of 2009, July 2010, and January 2011 allowed the identifi cation and delineation of 9 lava fl ow units and one pyroclastic fl ow unit deposited between 2005 and 2010. Foot surveys were performed along the boundaries of all these units using two handheld GPS (GARMIN GPS72). Only GPS locations showing an error of less than 5 m were used.
DIGITAL DATA SET
All the geological units were digitized as polygons and the eruptive vents as points, both in ESRI ® shapefi le. The digital images were georeferenced to the Guatemala Transverse Mercator (GTM) coordinate system, which is the coordinate system in which the original orthophotos were referenced. This system uses a WGS84 datum, false easting: 500,000 m, false northing: 0 m, central meridian: -90.5°, scale factor: 0.9998, and origin latitude: 0 m. Each unit was digitized as a polygon and stored as an independent shapefi le with a unique ID. A schematic diagram showing the methodology used to create the polygons from all sources of data is shown in Figure 2 . For all digitized units the start and end dates of the eruption were also compiled, as was an estimate of the mean thickness of each unit (see below).
The planimetric length of the fl ows was measured individually for each fl ow using the distance measuring tool in ArcMap ® ; these lengths were then recorded in the attribute table of the shapefi le and in a Microsoft Excel spreadsheet. The planimetric areas of the polygons that represent each of the lava fl ow units was calculated using the "surveyor's area formula" (Braden, 1986) , which was coded in Matlab ® to automate the process. The surface areas were calculated using the slope values of a raster data set derived from a digital elevation model of the region. The area of each polygon was divided into pixels, corresponding to the pixels in the slope raster data set. The planimetric areas from each pixel in each polygon were projected onto a plane surface with a slope given by the slope of the pixel in the corresponding slope raster data set, i.e., dividing the planimetric area of the pixel by the cosine of the slope angle. The calculation was done on a pixel by pixel basis for each polygon.
A set of elevation contours in digital format generated by the Guatemalan National Geographic Institute (Instituto Geográfi co Nacional, IGN), in conjunction with the Japanese International Cooperation Agency (JICA), was also used. This elevation contour data set has an elevation interval of 10 m, and was generated by photogrammetric methods from aerial photographs acquired in 2000. In this work, the contours were used to interpolate a DEM with a horizontal resolution (pixel size) of 5 m. Accessory electronic GIS fi les for the fi nal map were also derived from this DEM, specifi cally the hillshade and contour layers. Descriptive information that did not provide a direct "mappable" data set was analyzed and interpreted, mainly based on acquaintance with Pacaya's morphology and activity, and used in the creation of the polygons. Most of the polygons between 1965 and 1971 were built from the drawings and descriptions by A. Mackenney, who describes the location of the vents on the fl anks, the base, or the summit crater area. The same source gives the direction of fl ows with respect to the vent, and further interpretation of the length of the fl ows is done based on the drawings. From 1971 to 1982, the data sets include the scanned aerial photographs, and some other descriptive sources like the unpublished work of A. Mackenney (2009, personal commun.) , and the reports of the Global Volcanism Program. The trajectory and length of the fl ows were estimated based on the description of the most distant point reached with respect to the base of the volcano. The descriptions give the widths of many fl ows, but thicknesses are rarely mentioned. Descriptive information was also used to build polygons for units emplaced from 1986 onward, mainly using information provided by OVPAC, with ancillary data from the Global Volcanism Program. In these cases the lengths were estimated "by sight" in the fi eld, checking when possible with aerial orthophotography and scanned and georeferenced aerial photography. The thicknesses were also estimated based on judgment and experience with similar measured fl ows, considering that fl ows on steeper slopes near the summit area tend to be much thinner than fl ows on the fl atter terrains on the base of the cone and beyond.
MULTIPLE MAPS
A total of 249 lava fl ow units was identifi ed and digitized, as well as six pyroclastic fl ow deposits, two scoria units, two undivided pyroclastic units (proximal and distal), one aeolian sediment unit, and one alluvium unit. The spreadsheet in Appendix A compiles the unit label, dimensions (length, area, estimated thickness, and volume), dates, and mean effusion rate for all lava fl ows. Additionally, 349 eruptive vents associated with mapped units, emplaced between 1961 and 2010, were identifi ed and digitized. Appendix B shows the locations and activity dates for the eruptive vents.
The volcanological map of Volcán de Pacaya with all the units exposed on the surface in 2010 is presented in Appendix C. This map includes 34 lava fl ow units, of aa and pahoehoe type, all porphyritic basalt. Of these, 26 were emplaced before the 18 September 1998 eruption, and are covered by a layer of fallout ash and fi ne-grained aeolian deposits up to 30 cm thick. The lava fl ows emplaced between 2004 and 2010 are only partially covered by tephra. Most of the 249 lava fl ows that occurred in the 1961-2000 eruptive period are now covered by younger units.
The 1961-2010 map also includes geologic units that are not lava fl ows. Three pyroclastic fl ow deposits emplaced in 1993, 1995, and 2009 are included. The deposits from 1993 and 1995 are partially exposed at their distal facies. The map includes one aeolian deposit generated by reworking of the ash fall and other pyroclastic deposits. There is also one alluvium unit mapped in the channel of El Chupadero River, tributary to the Metapa River. Seven additional maps were created at approximate 5-10 year intervals: 1961 -1969 , 1970 -1979 , 1980 -1984 , 1985 -1989 , 1990 -1994 , 1995 -1999 , and 2000 . The 2000 map exhibits the distribution of lava fl ows and pyroclastic material dispersed during a Hawaiian to Strombolian-type eruption, which included two lava fountains in 16 January and 29 February 2000. Each one of these maps, which also include the distribution of fl ows from previous years, is a snapshot in time of the activity and geology of Pacaya. Altogether, they depict the growth and evolution of this young stratovolcano of basaltic composition. In order to facilitate the analysis of these data by other researchers, the complete data set compiled in a GIS in ESRI shapefi le format (generated in ArcGIS-version 9.3) is included in Appendix E.
SPATIO-TEMPORAL VARIATIONS
The lava fl ows at Pacaya are all similar in morphology and texture, ranging from aa to pahoehoe. Lava fl ow lengths range from 30 m to 5.5 km (Fig. 3) . For calculating the volume, the mean thicknesses of the majority of fl ows had to be estimated from descriptions made in the fi eld, which resulted in a range between 0.5 and 7 m. Lava fl ow thicknesses were estimated for each unit based on direct observations (although not measured) of lava fl ow thicknesses in the fi eld, and should be considered a "best guess" estimated mean value for each unit. Thicknesses between 1.5 and 2 m were chosen for fl ows in high slopes (>20°), thicknesses between 2 and 2.5 m were chosen for intermediate slopes (10° to 20°), and thicknesses greater than 2.5 were chosen for lower slopes (<10°).
The lengths of the Pacaya lava fl ows are generally less than 4 km, with the exception of the fl ows emplaced in 1961 and 2010. They show a tendency of decreasing length with time (Fig. 3) . The shorter length of the fl ows from 2006 to 2009 may be because fl ow extension was restricted by the topographic depression that existed at that time to the north of the Mackenney cone and south of the scarp. The fl ows of these dates are thicker for the same reason (locally reaching a thickness of ~30 m). Note that the long fl ow emplaced in 2010 (Hb10) originated at a vent outside the collapse scarp. The volumes of the lava fl ow units were calculated by multiplying the surface areas by the estimated thicknesses of each unit. The total cumulative volume of lava fl ows is 8 × 10 7 m 3 (Fig. 4) . The cumulative volume presented here is uncorrected for density and does not include products derived from collapsing lava fl ows, nor the scoria and ash volume that could have accumulated during the Strombolian activity, on the cone and other areas of the edifi ce.
Notes on a Map of the 1961-2010 Eruptions of Volcán de Pacaya, Guatemala
Eruption rates were calculated by dividing the volumes by the emplacement time of each unit. Appendix A shows the results obtained from calculating lengths, areas, volumes, and eruption rates corresponding to the lava fl ow units.
VENT DISTRIBUTIONS
A total of 349 eruptive vents was identifi ed and located. The technique for identifying and locating eruptive vents was based on criteria similar to those used to identify and delineate the polygons corresponding to geologic units. Each eruptive vent was digitized as a point, and all the points were stored in a single shapefi le in ArcMap. The location of the majority of the eruptive vents is within a few hundred meters of the summit. Only a few are distributed on the fl anks of the volcano (less than 5% are at elevations below 2200 m a.s.l.); these lower elevation vents include the ones that have produced many of the most voluminous fl ows (Fig. 5) . There are more vents than lava polygons because eruptive vents may migrate as the lava is emplaced.
PYROCLASTIC DEPOSITS
There are 87 signifi cant tephra dispersion events reported during this period at Pacaya. Four large tephra-fall deposits were studied and their volumes calculated. These deposits are associated with the explosive events of 27-31 July 1991 , 11 November 1996 , 20 May 1998 , and 27 May 2010 (Fig. 6) . Tephra volumes were calculated by two methods: an incremental method, which sums the product of thickness of an isopach with the area enclosed, and the power law adjustment method, which potentially estimates additional volumes between and beyond isopachs. Volumes vary over an order of magnitude, from 1 × 10 6 to 1 × 10 7 (Table 4) . These events dispersed tephra over hundreds of square kilometers and to distances of tens of kilometers. It is note worthy that the explosive events of 1998 and 2010 sent the volcanic mate rial toward the northeast, covering most of the capital city of Guatemala with ash (Fig. 6 ).
Other types of pyroclastic deposits include one from 2009 that resulted from the collapse of part of the active lava fl ow fi eld on the southwest fl ank of Mackenney cone. This deposit exhibits big blocks of lava and a fi ne matrix, which was covered by a 2-5 cm layer of very fi ne ash. Two agglutinated scoria units associated with the eruptions of 16 January and 29 February 2000 were also mapped; these units border the fl anks of the Mackenney and Pacaya cones (Appendix D.7). Units associated with the explosive eruption of 29 February 2000 include hot avalanche, pyro clastic fl ow, and tephra-/bomb-fall deposits.
GEOCHEMISTRY AND PETROGRAPHY
Thirty rock samples were collected during the 2009 fi eld campaign, which correspond to units emplaced between 2000 and 2009. Chemical analysis for major and trace elements were done for 14 of these samples, using X-ray fl uorescence (XRF) and inductively coupled plasma-mass spectrometry (ICP-MS) at the Michigan State University geochemistry laboratory. These new chemical analyses were combined with previous whole rock geochemical analyses from a variety of published sources to allow a comparison of rocks erupted throughout the 1962 to 2009 period. All these data are presented in Appendix E.
The Pacaya lavas are high alumina basalts. The rocks are geochemically monotonous, with SiO 2 contents between 50 and 52.5 wt%, and MgO contents between 3 and 5 wt% (Fig. 7) . The lavas usually host plagioclase, olivine, and opaque phenocrysts (Bardintzeff and Deniel, 1992; Conway, 1995) . The composition has remained relatively similar during the present eruptive period , since 1961, and this composition is also similar to previous lavas from this volcano (Eggers, 1971 ). There is a slight variation of CaO in this group of lavas, which suggests a phenocryst enrichment or depletion (Fig. 8) .
DISCUSSION AND CONCLUSIONS
The mapping of units emplaced due to the activity of Volcán de Pacaya between 1961 and 2010 includes 249 lava fl ow units and 349 associated eruptive vents. The eruptive styles of the activity that resulted in the emplacement of these units ranges from purely effusive to moderately explosive Strombolian and Hawaiian (lava fountaining) activity. The predominant type of mapped unit is basaltic lava fl ows, which vary in their typology from aa to pahoehoe. These fl ows are commonly erupted over prolonged periods of time that can last several years and may be marked by the absence of signifi cant explosive activity. The low-level Strombolian "open vent" activity of Pacaya can be maintained over prolonged periods of time, due in part to the physical and chemical characteristics of the magmas. The magmas have had a similar composition since 1961, i.e., high alumina basalts. However, signifi cantly violent explosive eruptions have recurred also at times at Pacaya, although their products have been dispersed over a much wider area, mainly as tephra falls, and therefore are not as well represented in our series of maps.
During the eruptive period from 1961 to 2009, the eruptions were restricted to the collapse amphitheater from the Old Pacaya; however, the fl ows that formed the extensive lava fl ow fi eld after the 27 May 2010 eruption had source vents situated outside the collapse amphitheater. The main concern for the population living in the surroundings of the volcano has been the fall of ash and ballistic bombs, with minor concerns related to lava fl ow during more explosive eruptions. With the exception of a few short fl ows that were probably erupted within the last few centuries, it wasn't until 2006 that the fi rst lava fl ows were able to cross the rim of The fl ows erupted from the southeast fl ank during June 2010 destroyed a few houses and threatened to reach some communities (e.g., Los Pocitos), but changed direction following the topographic gradient and remained confi ned to the channel of the Chupadero river, for the rest of their trajectory. Although it is more possible than probable, the generation of pyroclastic fl ows and similar processes (e.g., incandescent avalanches) associated with explosive activity from the volcano, especially during the most violent Strombolian eruptions, could be hazardous for the people who are located closest to the eruptive vent. It is also important to be aware of the possibility of cone collapse of Pacaya. The current Mackenney cone and the remnants of modern Pacaya may be fed by a high-level magma chamber. The possibility of collapse, enhanced by the presence of such a shallow magma body, must be considered in future hazard research.
CONCLUSION
This work presents a unique data set of lava fl ow units, pyroclastic deposits, and vent distribution that describes the spatial and temporal evolution (thus 3D) of the activity at Volcán de Pacaya in Guatemala from 1961 to 2010. Data sources for this work include aerial photographs (ortho rectified and non-orthorectified), Landsat satellite images, field notes, sketches, maps, and reports and bulletins generated and gathered systematically and occasionally by various people and institutions during this period of activity. The information is processed and integrated in a geographic information system, and is available here in the form of maps and spreadsheets for other researchers to use.
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APPENDIX A
Excel spreadsheet with the label of the unit, dimensions (length, area, thickness, volume), and mean volume fl ow rate of all lava fl ows.
APPENDIX B
Excel spreadsheet with the location and activity date of all the eruptive vents. 
APPENDIX C
APPENDIX E
Multiple GIS fi les in ArcGIS (ESRI) format, including all the mapped units and vents (shapefi les) and the fi nal map documents (.mxd fi les), grouped in a single .zip fi le.
APPENDIX F
Video fi le in .wmv format showing the progressive emplacement of lava fl ows and vent openings throughout the 1961-2010 period on Pacaya volcano.
